L-Glutamate is a leading candidate for the vertebrate photoreceptor transmitter. In addition to the signal transmission to second-order neurons, photoreceptors communicate with each other not only electrically but also chemically. In the present study, by using solitary turtle photoreceptors, we examined the possibility that L-glutamate mediates interreceptor communication. L-Glutamate evoked an inward current in all subtypes of photoreceptors voltage-clamped to the resting potential. The highest glutamate sensitivity was located at the axon terminal. Both stereoisomers of aspartate were effective, whereas kainate, quisqualate, N-methyl-D-aspartate, and Dglutamate were ineffective. The presence of Na+ was essential to response generation; even Li+ could not substitute for Na+. The relation between L-glutamate-induced current and the membrane voltage was strongly inward-rectifying. These results favor the hypothesis that the L-glutamate-induced response is generated by an electrogenic uptake carrier. However, L-glutamate-induced current was always accompanied by an increase in current fluctuations, a phenomenon commonly observed in ion channels but not expected for an uptake carrier. Although the underlying mechanism needs further elucidation, it seems likely that L-glutamate is a transmitter for communication between photoreceptors.
L-Glutamate and L-aspartate are the leading candidates for the chemical transmitter ofvertebrate retinal photoreceptors. Photoreceptors accumulate exogenously applied L-glutamate or L-aspartate by a selective high-affinity uptake system (1, 2) . These compounds are released when the cells are depolarized (3, 4) , e.g., by exposure to a high concentration of extracellular K . L-Glutamate or L-aspartate evokes actions in the second-order neurons analogous to those of the endogenous transmitter: horizontal cells and off-type bipolar cells are depolarized and on-type bipolar cells are hyperpolarized (5) (6) (7) (8) (9) .
It had been hypothesized that individual photoreceptors function independently, but accumulating evidence indicates that they interact with each other. Electrical (10, 11) and chemical (12) interactions have been reported. In the present study we examined the possibility that L-glutamate is a chemical transmitter in the interphotoreceptor interaction.
MATERIALS AND METHODS
Preparations. Solitary photoreceptors were obtained from the freshwater turtle Geoclemys reevesii by dissociating the retina with papain (Worthington), as described in detail elsewhere (13, 14) . Isolated cells were plated in a culture dish, the bottom of which was replaced with a Con A-coated cover glass. Experiments were conducted on freshly isolated cells (within 10 hr after dissociation).
The turtle retina has photoreceptors of seven morphological subtypes (four types of single cone, one type of double cone, and one type ofrod), each of which has been correlated with specific spectral sensitivity (15, 16) . The subtype of solitary photoreceptors was identified by their morphology, which was retained after dissociation.
Recording Procedures. Solitary photoreceptors were voltage-clamped by the whole-cell variant of the patch-clamp technique (17) . The recording pipette (tip diameter -1 ,um, pulled from Pyrex tubing) was filled with a solution containing 124 mM KCl, 14 mM NaCl, 5 Lalzation of L-Glutamate Sensitivity. To examine the distribution of L-glutamate sensitivity, the tip of the Lglutamate-containing pipette was positioned at various parts of the cell and an identical amount of L-glutamate was locally applied by iontophoresis. In all subtypes of cells, the response was maximal when L-glutamate was applied to the axon terminal; the response amplitude became smaller when L-glutamate was ejected to distal parts of the cell. Thus, the highest L-glutamate sensitivity is located at the axon terminal. This observation was supported by the observation that the L-glutamate sensitivity was very low in photoreceptors that had lost their axon terminal during dissociation.
Comparison of L-Glutamate Sensitivity Among Subtypes of Photoreceptors. All subtypes of photoreceptors responded to L-glutamate approximately equally. The maximal amplitude varied from cell to cell, and there was no statistical difference in response amplitude between subtypes. For example, the mean amplitude of response evoked by a saturating dose of L-glutamate was 36 ± 27 pA (mean ± SD, n = 20) in single cones with a red oil droplet (holding potential, -63 mV) and 31 ± 12 pA (n = 9) in the principal member of double cones (the same holding potential). Since all subtypes of photoreceptors responded to L-glutamate similarly, the subtype will not be specified in the following sections. hibitor (22) 
Analysis of Current Fluctuations Induced by L-Glutamate. kade was partial
All responses induced either by L-glutamate (Fig. 6A) or by iS reported to be its related compounds (see Fig. 3 ) were accompanied by an brain slices (22) . increase in current fluctuations. It is generally believed that sessential for the current fluctuation is a phenomenon associated with the ien the external opening and closing of channels. Although the mechanism -.ed by replacing underlying the generation ofIGIU in photoreceptors is subject oline, the amplito discussion (see Discussion), here we assumed tentatively ration-dependent that the current was generated by channel opening and Therefore,
When p is negligibly small, s2/A gives the single-channel current i. The single-channel current thus obtained was =0.03 pA (Fig. 6B) . By assuming that the driving force was 60 mV, the single-channel conductance of 0.5 pS was obtained.
The power spectrum of the glutamate-induced current fluctuations could be fitted by a single Lorentzian component with the corner frequency of 80 Hz within the resolution of our recording system (Fig. 6C) .
DISCUSSION
The present study demonstrated that L-glutamate induced an inward current in all subtypes of turtle photoreceptors voltage-clamped near the resting membrane potential. The L-glutamate sensitivity was located at the axon terminal, suggesting that the L-glutamate-evoked responses are somehow related to the synaptic transmission in the outer plexiform layer. Interaction between cones and rods (25, 26) and between cones of different types (12) has been suggested in various animals; some of those interactions are mediated electrically (10, 11) and some are mediated chemically (12) . It is highly likely that the L-glutamate-evoked depolarization observed in the present study contributes to the heterologous interaction of photoreceptors.
It might be argued that depolarization of photoreceptors by L-glutamate accelerates glutamate release, which in turn further depolarizes photoreceptors. However, such selfregenerative depolarization does not seem to occur, since depolarization would be counteracted by activation of outward K currents (24) and the membrane potential of the photoreceptor would settle at a new level by the combination of these currents.
The L-glutamate-evoked response in photoreceptors showed dual characteristics; one is common to uptake carriers and the other is common to ion channels. Therefore, we will discuss IGIu in photoreceptors from these two aspects:
(i) on the assumption that L-glutamate was generated by glutamate-uptake carriers and (it) on the assumption that the current passed through the channels. The second aspect of the glutamate-evoked response in photoreceptors is that it has a property common to ion channels. In the vertebrate retina, the glutamate-induced current in goldfish horizontal cells is generated by ionic movement through channels (18, 28, 29 Na-glutamate cotransport system with 3:1 stoichiometry). Our observation of current fluctuations favors the channel mechanism, but as pointed out in the preceding section, IGlu in photoreceptors has several properties that are unusual for an ion-channel current (e.g., a Na' requirement, a strong nonlinearity, etc.).
The final possibility, which is our tentative interpretation, is that photoreceptors have both carriers and channels. If a large fraction of IGIU is evoked by the glutamate-uptake carrier, the major characteristics of the response in photoreceptors should resemble the properties of the response in Muller cells. Current fluctuations could be ascribed to the remaining minor fraction of current flowing through channels. Further studies-for example, demonstration of translocation of L-glutamate into photoreceptors-are required to elucidate the mechanism underlying the glutamate-evoked response in photoreceptors.
Note Added in Proof. A similar observation was made independently (33) on tiger salamander cones, which appeared after this paper was accepted for publication.
